In this study, downwind odour concentrations from a communal toilet facility were measured by trained human receptors using the plume method over a 10 day period from mid-May to mid-June 2015 over an approximate downwind area of 1000 m 2 (about 800 m long and 30 m). Source emission measurements and extensive meteorological data were collected along with the field odor concentration measurements. Modelling of the measurement events at specific receptor locations using the US EPA SCREEN3 model was compared to field odor measurements at the same locations. The study also showed how subjectivity in the use of the human nose in measuring odour strength could be reduced by selecting odour inspectors using the "Standard Procedure for Testing Individual Odour Sensitivity". Also an odour dispersion model using the US EPA SCREEN3 model was built and simulated and the output of the simulated model compared with the measured data. A paired t-test, t(5) = −1.29, p = 0.902 (p > 0.05), showed that there was no statistically significant difference between simulated model output and measured data, hence the possible of using odour dispersion models improved operation of a communal toilet in relation to odour impact.
Introduction
It is generally recognised that for effective odour control measures to be implemented, the problem must first be quantified [1] - [3] . Such quantification of the problem allows designers and caretakers to make informed decisions on the choice of processes, process modifications or the scope of odour control schemes [4] . The minimisation of odour emissions is becoming one of the most significant challenges and any treatment technology with noticeable odours outside its boundary fence is likely to receive complaints at some time [5] . The control of odour emissions has become an important consideration in the design of new technologies and improvement of existing ones. Given the progressive nature of legislation concerning environmental pollution, it is not unreasonable to expect future legislation targeted at odour emissions.
Increasing access to sanitation is part of the Millennium Development Goal number seven on Environmental Sustainability and has become a top priority for many low-income countries, where no or poor sanitation adds to a substantial burden of diseases and reduces quality of life. But many sanitation programmes have failed to convince people to invest in and use sanitation facilities, especially latrines [6] . Studies from various parts of the developing world have highlighted several barriers to latrine adoption including high cost, dependency on subsidies, poor installation and maintenance, cultural unacceptability, and inadequate cultural involvement [7] . A substantial body of evidence is now available on a complex of behavioural motivators determining use and investments in latrines, for example in the studies of Jenkins and Curtis [8] and Jenkins and Scott [9] from Ghana. A small body of literature has highlighted the issue of disgust, while van der Geest [10] has conducted anthropological studies of toilet behaviour, and argues that taboos, rituals, myths and aesthetics in particular are fundamental issues to understanding defecation behaviour and latrine preference. But few authors have published work on the specific sensors aspect of smell in relation to sanitation promotion [6] .
Characterizing odour at source alone is not sufficient to account for the effective impact of odours on citizens, which will require quantifying odours directly at receptors. However, despite a certain simplicity of odour measurement at the emission source, odour measurement in the field is a quite more complicated task. This is one of the main reasons for the spreading of odour impact assessment approaches based on odour dispersion modelling [11] . Currently, just a very limited number of reports discussing the use of tracer gas dispersion experiments both in the field and in wind tunnels for model validation purposes can be found in literature [11] . However, when dealing with odour emissions, it is not always possible to identify a limited number of tracer compounds, nor to relate analytical concentrations to odour properties, thus giving that considering single odorous compounds may be insufficient to account for effective odour perception [11] . For these reasons, the possibility of measuring of odours in the field, both as a way for directly assessing odour annoyance or for verifying that modelled odour concentrations correspond to the effective odour perception by humans, is still an important objective [11] .
Materials and Methods

Description of Study Site
The study was carried out at a communal toilet in Ayigya Zongo, an urban poor community (slum) within the Oforikrom Sub metro of Kumasi Metropolis of Ghana. This communal toilet is a dry toilet with sixteen privy rooms (eight for males and eight for females). The vault which is partially offset from the privy room is fitted with sixteen 100 mm diameter PVC vent pipes of 3 m height equally spaced and centrally placed behind each privy room.
Selection of Field Measurement Panelists-Nasal Chemosensory Performance
Odour screening was conducted using the Odour Pen Kit (from St. Croix Sensory, Inc), which is a commercially available method for measuring the olfactory sensitivity. The Odour Pen Kit contains one set of "Sniffing Sticks", a blindfold for the test individual, and odourless non-latex gloves for the test administrator. The "Sniffing Sticks" pens are felt tip markers in which the pen is impregnated with an odour agent. The odour agent used for olfactory threshold screening is n-butanol. Fourteen pens contain the n-butanol solution at different concentrations and two pens are odourless. The "Sniffing Sticks" manufacturer performed the preparation of the test solutions of n-butanol.
All test individuals were tested following the same procedure. The procedure is called the "Standard Proce-dure for Testing Individual Odour Sensitivity". The objective is to identify the detection threshold of the test individual by correct detection of the odour pen in a triad. The presentation method of the odour pens is a triangular force choice method, also known as 3-Alternative Forced Choice (ASTM, 1997). A pen triad is made up of three pens, two are blank pens and a third is an odour pen. The test individual is required to distinguish between the three pens by declaring which pen contains an odour. If no odour is perceived, the test individual is to assign a response of guess to one of the three odour pens. After a response is made, the test proceeds to the next pen triad. The next triad contains an odour pen with a greater n-butanol concentration than the previous series. The logic of the test is that the potential for the test individual to identify the odour pen increases as the test moves to the next concentration level. The increasing concentration levels will continue until the test individual correctly identifies the odour pen in a triad for two test levels. The level where a pen is first correctly identified as the odour pen is the score for the test individual and thus the odour threshold score of the individual. The odour sensitivity score for each of the participants was calculated by averaging the odour pen number (concentration level) associated with their first correct detection of the n-butanol pen in the triad. The odour pens were sorted and presented in ascending concentrations of n-butanol. The concentration values of the odour pens is undetermined, therefore, quantitative n-butanol values are not available. The Odour Inspector study group was made up graduating class of selected undergraduate students of Kwame Nkrumah University of Science and Technology. One test administrator was used throughout the study. The test administrator learned the test method as described by the Standard Procedure. There was no consideration given to the age or sex of the Odour Inspector tested in the study. A total of ten odour inspectors were assessed for their odour detection threshold. Each inspector was tested five times on five different days (once a week) over a period of one month. A one sample t-test with a test value of 9.5 (mean odour threshold of field supervisor) was carried out to select inspectors for the study.
Field Measurements
The Dynamic Plume Method of field odour measurement was used in this study. The plume determines the extent of the downwind odour plume, under defined meteorological conditions. The measurement team comprised of a field supervisor, two trained odour inspectors and GPS assistant. The two odour inspectors each contributed approximately equal shares of the measurement results while the GPS assistant picked coordinates of various locations where odour is measured. A measurement cycle consisted averagely of 50 single measurements, from which an average of 20 transition points (absence to presence) were determined. The maximum plume reach was determined from the observations obtained during two crossings, one of which including atleast one odour presence point observation and another crossing where only absence point observation are recorded.
The measurements were carried out over a period of one month, thus from mid-May to mid-June 2015, but not every day of the month. Measurements were carried out for 3 days in the first and second weeks and 2 days in the third and fourth weeks. This was done to protect inspectors from odour fatigue. Measurements were also deliberately carried out under a variety of weather conditions and during varying times of the day. No readings were taken at night because the security of the field team and equipments could not be guaranteed.
Odour Strength Measurement
The Nasal Ranger Equipment was used for odour strength measurement. Nasal Ranger olfactometers used in this study were provided by the manufacturer, St. Croix Sensory, Inc. They were calibrated by the manufacturer at the beginning of the monitoring period. During the monitoring season, routine maintenance of the equipment was the responsibility of the field supervisor, who inspected the equipment regularly and changed the air filters and the O-rings according to the manufacturer's recommended schedule.
GPS Data
The location of the facility and the observation points was coordinated using GPS referenced to the WGS84 datum. A dual frequency GPS device was used to pick the precise location of the toilet facility. A hand-held GPS device with a precision of ±1 m was used to locate where the dial readings were taken with respect to a particular direction. The data was then transformed to fit into the local coordinate system (Ghana Grid) using Franson CoordTrans. A map of the parcel was produced from the data using AutoCAD Civil 3D 2014. The daily dial readings with their respective location were also plotted unto the map. Contours were generated using the dial readings used in place of the elevation of the point to show points of equal dial readings (smell) within a particular time within an interval of 50 dial readings. A plume was defined based on the direction of the wind at the time range of observation.
Weather Data
Weather conditions were recorded using a Kestrel ® 4500 Pocket Weather ® Tracker. Data collected included the wind speed, wind direction, relative humidity, and temperature. Weather data were collected each day at each site. Data stored on the Kestrel ® 4500 Pocket Weather ® Tracker is downloaded via bluetooth into MS Excel. Analysis was carried out using SPSS Version 20.0. Regression analyses of odour strength measured (dependent variable) and meteorological data (independent variables) were done. These analyses included the effect of different meteorological variables on odour strength.
Field Olfactometry Measurement
The Nasal Ranger ® Field Olfactometer, a nasal organoleptic instrument which directly measures and quantifies odor strength in the ambient air using the Operating Principle of mixing odorous ambient air with odor-free filtered air in discrete volume ratios was used. The discrete volume ratios are called "Dilution-to-Threshold" ratios (D/T ratios). The odour inspector's nose is placed firmly inside the nasal mask against the replaceable "comfort seal". The inspector inhales at a flow rate of 16 -20 lpm which is within the factory calibrated flow rate range through the nasal mask while standing at rest. The nasal mask has an outlet for exhaled air to exhaust downward. Therefore, the user inhales through the Nasal Ranger and exhales downward through the outlet check valve (St. Croix Sensory Nasal Ranger Field Olfactometer-Operation Manual, 2008).
Development and Application of the Odour Dispersion Model
For air dispersion analysis, the US EPA SCREEN3 model (USEPA, 1995a) was employed. This is a screening version of the ISC3 model was used to simulate the dispersion of odour into the atmosphere. SCREEN3 is a single source Gaussian plume model which provides maximum ground-level concentrations for point, area, flare, and volume sources, as well as concentrations in the cavity zone, and concentrations due to inversion break-up and shoreline fumigation. The dispersion model requires parameterisation for the dimensions of the emission source and the emission velocity or rate.
Model Input and Assumptions
Several simplifying and limiting assumptions are made in performing the modelling: 1) the particles displayed a Gaussian distribution in both lateral (crosswind) and vertical directions; 2) no gravitational deposition is assumed; 3) the source was assumed to be continuous; 4) the wind velocity and direction were the average measured over the period of measurement and kept constant over the modelled time and distance; 5) the modelled surface was relatively flat; 6) the gravitational settling of particles was assumed to be negligible; 7) the particle and wind velocity were assumed to be the same. The results must be viewed in the light of these substantial simplifications and methodological constraints (Taha, et al., 2006) .
Model inputs and various assumptions made in building the model based on observations made in the field are presented in Table 1 .
Results and Discussions
Nasal Chemosensory Performance
The olfactory detection threshold of the Odor Inspectors varied. The mean scores of the individuals ranged from 8.3 to 9.4, with a mean of 8.62 (n = 10, s 2 = 1.27). No mean scores were distributed between 2 to 5 and 12 to 15. The mean odour detection threshold of inspectors is shown in Figure 1 . The mode of the Odor Inspector group was odor pen 9. The frequency of detection scores followed a normal distribution and was dispersed roughly in the middle of the odor pen range and spread across six pens (pen level = 6 -11). The mean odour detection threshold for frequency of scores was dispersed towards the left of the threshold range. Results of the t-test (shown in Table 2 ) with a test value of 9.5 (the mean odour detection threshold of the field supervisor) shows that there was no statistically significant difference between the odour threshold of 3 (thus inspectors 1, 3 and 10) out of the 10 inspectors and the field supervisor. However inspectors 1 and 3 were selected since they had a smaller standard deviation as compared to inspector 10 Results bring to fore how subjectivity can be reduced in using the human nose for objective odour studies (calibration of the human nose). Simply measuring one or more individual constituents that may be contributing to the perception of an odour can lead to an incomplete picture of the odour impact to a human observer, as odour plumes from toilet facilities may contain numerous of odorous compounds [12] . Unlike analytical instrumentation, which is capable of separately analyzing emission constituents, the human nose integrates the odors of the various constituents, combining the myriad compounds from an odor source into a unitary odour percept, which can then be quantified as to intensity. The use of resident observers to monitor odour events [13] , although practical and inexpensive, has additional drawbacks which include lack of quality control for the data (i.e., no sensitivity calibration, no objective odour detection measurement).
Meteorological Data
There were 670 observations each of wind direction, wind speed, temperature and relative humidity over the 10 days period. The frequency of the wind direction is presented in Table 3 . The frequency of wind directions ranged from SSE to WNW (157.5 degrees) with highest frequencies SW to WSW (45.0 degrees). Figure 2 shows the shape and direction of the plume for various periods of measurement.
Other weather variables that were measured included wind speed, temperature and relative humidity. The description of these variables is presented in Table 4 . A scatter plots of the odour strength against these weather variables (wind speed, temperature and relative humidity) no correlation. However the wind speed measured at the source correlated well with how far the plume travelled along the centre line of the direction of wind. This tells predicting the effect of temperature and relative humidity at source of odour on downwind odour strength can be misleading. However, there was a strong inverse correlation between relative humidity and temperature (R = −0.981) where as there was no correlation between wind speed and the other two variables (relative humidity and temperature). Many factors have been reported to affect the degree to which odours form a source will impact a community, such as distance from receiver, and meteorological conditions, including ambient temperature, wind speed and wind direction [14] . 
Measurement of Odour Concentration with Nasal Ranger
There were 175 odour strength measurements made over the 10 days period. These measurements were taken at various distances within the identified plume. Figure 2 shows a contour plot of odour strength within a plume at various periods of the day. 160 of the 175 odour strength measurements were greater than 7 OU/m 3 . Though there are no standards for ambient odour in Ghana, ambient odour ranging from 15 OU/m 3 and more was considered by the trained inspectors as offensive. A regression analysis carried out showed a strong inverse correlation between odour strength and distance from source and 66.6% of the total variation in odour strength can be explained by distance from the source (R = −0.816, R 2 = 0.666). With the possibility of establishing a regression model between odour strength and distance, the minimum distance of toilet facility from inhabitants can be determined can be determined before siting the facility.
Model Simulation and Comparison with Measured Data
As discussed earlier, the input to the dispersion model which is a mathematical simulation of the physics of the atmosphere consist of emission information, meteorological data and receptor information. The output from the model is the maximum concentration at specified distances as shown in Figure 3 . The results of the field odour measurement (also shown in Figure 3) were compared with the results of the odour dispersion simulation by dispersion modelling. A paired t-test, t(5) = −1.29, p = 0.902 (p > 0.05), showed that there is no statistically significant difference between simulated model output and measured data. The results of the odour dispersion simulation can therefore be used to suggest improvements in the design of the toilet facility in relation to odour impacts.
Conclusion
In this study, modelling of the measurement events at specific receptor locations is compared to field odor measurements at the same locations. The model results have been compared to field odor measurements. Approximately model results fitted quite well with measured odor generally fall within the range of modeled values. A number of observations, however, exceed modelled values. This may be due to the uncertainty and assumptions made in the key inputs (emission rates, winds, release type, and stability); uncertainty in locating the observation point relative to the plume centerline, which is mainly a function of uncertainty in mean wind direction. Finally, the study amongst other things shows how perceived odour can be quantified objectively with the use of the Nasal Ranger Field Olfactometer through a consistent and standardized odour monitoring program. It also shows how results of such field measurements can be used to validate and odour dispersion model. 
